The seasonal variation of clouds in the southeastern equatorial Pacific (SEP) is analysed and compared with the spatial variation of clouds in the northeastern Pacific along the Global Energy and Water Cycle Experiment Cloud System Study/Working Group on Numerical Experimentation (GCSS/WGNE) Pacific Cross-Section Intercomparison (GPCI) transect. A 'seasonal cloud transition' -from stratocumulus to shallow cumulus and eventually to deep convection -is found in the SEP from September to April, which is similar to the spatial cloud transition along the GPCI transect from the California coast to the equator. It is shown that this seasonal cloud transition in the SEP is associated with increasing sea surface temperature (SST), decreasing lower tropospheric stability and large-scale subsidence, which are all similar to the spatial variation of these fields along the GPCI transect. Difference is found that the SEP cloud transition is associated with decreasing surface wind speed and surface latent heat flux, weaker larger-scale upward motion and convective instability, which lead to less deepening of the low clouds and less frequent deep convection than those in the GPCI transect. The seasonal cloud transition in the SEP provides a test for climate models to simulate the relationships between clouds and large-scale atmospheric fields in a region that features a spurious double inter-tropical convergence zone (ITCZ) in most models.
Introduction
The cloud transition, referring to the transition from stratocumulus to shallow cumulus and to deep convective clouds over the eastern oceans at low latitudes, has been a subject of intense studies in the last two decades (e.g. Albrecht et al., 1995; De Roode and Duynkerke, 1997; Bretherton et al., 1999; Teixeira et al., 2011) . This is motivated by at least two reasons: the mechanisms of the transition are not well understood, and climate models have difficulties in simulating the cloud transitions. The relative roles of physical processes in the cloud transition, especially from stratocumulus to cumulus, such as the surface latent heat flux, the cloud top radiative cooling and entrainment, and the large-scale atmospheric circulation remain elusive (e.g. Wyant et al, 1997; Bretherton, 2004, 2006; Sandu and Stevens, 2011) . The amount of stratocumulus and cumulus in low latitudes has important implications on the cloud-climate feedbacks in climate models (Stephens 2005; Zhang et al., 2012 Zhang et al., , 2013 .
The Global Energy and Water Cycle Experiment
Cloud System Study/Working Group on Numerical Experimentation (GCSS/WGNE) Pacific Cross-Section Intercomparison (hereafter referred to as GPCI) transect has been used conveniently as a test case to investigate the stratocumulus-cumulus-deep convection transition (Teixeira et al., 2011) . Along this transect, the stratocumulus clouds off the California coast typically make the transition to shallow cumulus at the top of marine boundary layer (MBL), and then eventually to deep convective clouds in the inter-tropical convergence zone (ITCZ) region. The ability of climate models to simulate clouds and their transitions along GPCI transect is a stringent test for the parameterized physics in climate models, such as planetary boundary layer (PBL), cloud, radiation, and convective parameterization.
The purposes of this paper is to present another type of cloud transition from stratocumulus to shallow cumulus and to deep convective clouds in the southeastern equatorial Pacific (hereafter referred to as SEP, shown as the rectangle box in Figure 1 ). Although the spatial variation of cloud in southeastern Pacific has attracted some attentions, such as by the Variability of American Monsoon Systems (VAMOS) Ocean-Cloud-Atmosphere-Land Study (VOCALS) (e.g. Mechoso et al., 2014) , the seasonal temporal variation of clouds in the SEP, which is larger than that in northeastern Pacific, is not well studied. We describe the similarities and differences between the spatial cloud transitions along the GPCI transect and the seasonal cloud transition in the SEP. Since the spatial cloud transition along the GPCI has been well studied (e.g. Teixeira et al., 2011) , comparison of them could give us more insights on cloud transitions. An additional benefit of studying the SEP cloud transition is that this region is where climate models are plagued by the spurious double ITCZ problem (e.g. Lin, 2007) , which refers to the excessive precipitation produced by most climate models south of the equator, particularly in the strip of 5 ∘ -15 ∘ S over the central and eastern Pacific (Hwang and Frierson, 2013) . After decades of work by modelling centres around the world, the double ITCZ problem is still the largest bias of tropical precipitation simulation of most state-of-the-art global climate models (Li and Xie, 2014; Oueslati and Bellon, 2015; Zhang et al., 2015) . As shown in Figure 1 , current climate models in the Coupled Model Intercomparison Project Phase 5 (CMIP5) still have large biases and uncertainties in simulating the precipitation over southeastern Pacific. The physical processes causing this bias are still not fully understood (e.g. Li et al., 2004; Zhang et al., 2007; Liu et al., 2012; Hwang and Frierson, 2013; Oueslati and Bellon, 2015) . Since the precipitation is tightly related with the cloud properties, understanding the cloud transition in this region may provide valuable insights on the physical processes in this region.
This article is organized as follows. Section 2 describes various data sets that are used in this study. They include cloud properties, precipitation, surface and atmospheric data from different satellite observations and reanalysis data. Section 3 presents the analysis of cloud transition in SEP. It describes the similarities and differences between the seasonal cloud transition in SEP and the traditional cloud transition along GPCI transect. Section 4 contains a summary.
Data
All the available data sets used in present study are listed in Table 1 . The observed global three dimensional cloud fractions, as well as the low and high cloud fractions, are obtained from CERES-MODIS-CALIPSO-CloudSat (CCCM) data set, with a horizontal resolution of 2 ∘ (latitude) × 2.5 ∘ (longitude) and vertical resolution of 120 m below 3 km but 240 m between 3 km and 20 km, from July 2006 to June 2010. CCCM integrates the measurements from the Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations (CALIPSO) Cloud-Aerosol Lidar with Orthogonal Polarization (CALIOP), CloudSat Cloud Profiling Radar (CPR), Clouds and the Earth's Radiant Energy System (CERES), and the Moderate Resolution Imaging Spectroradiometer (MODIS) data. Details of CCCM product can be found in Kato et al. (2011) . The total cloud fractions are obtained from the International Satellite Cloud Climatology Project (ISCCP) data set (Rossow and Schiffer, 1999) , with a horizontal resolution of 2.5 ∘ (latitude) × 2.5 ∘ (longitude) and much longer time range (July 1983 to December 2009) than CCCM.
Several surface data sets are used to diagnose the near surface physical processes associated with the cloud transition, including sea surface temperature (SST), surface wind, relative humidity, latent heat flux, and precipitation rate. The global daily SST is provided by the Advanced Very High Resolution Radiometer (AVHRR) onboard the NOAA-17 and NOAA-18 satellites (Reynolds et al., 2007) , with a horizontal resolution of 0.25 ∘ (latitude) × 0.25 ∘ (longitude) and duration from January 1982 to December 2013. Surface wind vectors are given by Quick Scatterometer (QuikSCAT) SeaWind level-3 monthly gridded surface wind data set (Graf et al. 1998) , with a resolution of 1 ∘ (latitude) × 1 ∘ (longitude) from August 1999 to October 2009. As a comparison for the surface wind, we also use the wind vectors at 10 m (W10m) from the European Centre for Medium-Range Weather Forecasts (ECMWF) Interim Re-Analysis (ERA-Interim) data set (Simmons et al., 2007) , with a resolution of 1.5 ∘ (latitude) × 1.5 ∘ (longitude) from January 1979 to December 2013. Surface divergence is derived from the above surface wind vectors by finite difference method. Besides, several monthly ERA-Interim surface variables are also used, to derive the surface relative humidity (RHs), lifting condensation level (LCL), and surface latent heat flux (LHF), including the air temperature at 2 m (T2m) as surface air temperature (TAs), dew point (D2m), skin temperature as surface temperature (Ts), sea level pressure (SLP) as surface pressure over ocean, and convective available potential energy (CAPE). Monthly observed precipitation is from Global Precipitation Climatology Project (GPCP), with a horizontal resolution of 2.5 ∘ (latitude) × 2.5 ∘ (longitude) from January 1979 to December 2013 (Adler et al., 2003) .
The atmospheric profiles describing the large scale dynamics and thermodynamics associated with the cloud transition are also derived from ERA-Interim, including columnar water vapour content or precipitable water (CWV), temperature (T), specific humidity (q), relative humidity (RH), zonal wind (U), meridional wind (V), geopotential height (Z), and vertical pressure velocity ( ). Throughout the present study, the annual mean climatologies are used for the spatial cloud transition along the GPCI transect, while the monthly climatologies are derived for the seasonal transition in the SEP region. Each variable is averaged over corresponding time span that is shown in Table 1 . 
Results
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H. YU et al. and South America, while high clouds (shaded in right column) dominate the ITCZ. Along the GPCI transect, from near the coast to the equator, low cloud amount decreases while high cloud amount increases. Associated with these changes in clouds is the increase of SST from the coast to the equator, which is shown as contours in Figure 2 (a) and (c). Over the SEP, it can be seen in Figure 2 that from September to March, low cloud amount decreases, while high cloud amount increases. In September, the SEP is near the center of the cold tongue south of the Equator with low SST, while in March, it has warmer water with SST being higher than 26 ∘ C. There is therefore qualitative similarity in clouds and SST between the spatial variation along the GPCI transect and the September-March variation over the SEP. The spatial variations along the GPCI and the seasonal variations over SEP of SST, clouds and precipitation are next compared in the Hovmöller diagrams in Figure 3 . As shown in Figure 3(a) , the GPCI has spatially monotonic increase of SST starting from 35 ∘ N (15 ∘ C) to the Equator (28.2 ∘ C). In parallel (Figure 3(e) ), the SEP has monotonic increase of SST from September (22.4 ∘ C) to April (27.2 ∘ C). Correspondingly, the low cloud amount decreases along the GPCI from 30 ∘ N to 15 ∘ N (Figure 3(b) ), and over SEP from August to April (Figure 3(f) ). The high-cloud amount increases from 30 ∘ N to ITCZ region along GPCI transect (Figure 3(c) ), while similar increase is found in SEP from August to March (Figure 3(g) ). In both GPCI and SEP, high clouds are associated with large precipitation (Figure 3 ) shows the monthly climatologies of cloud amount over the SEP with the abscissa representing the time from July to June. As shown in previous studies (e.g. Bretherton et al., 1999; Teixeira et al., 2011) , along the GPCI (Figure 4(a) ), low clouds prevail from the near California coast to 27 ∘ N with rising cloud tops; the low cloud amount then decreases from 25 ∘ N to 15 ∘ N, and is followed by an abrupt increase of deep convective clouds in ITCZ region (15 ∘ N-5 ∘ N). The spatial variations of these clouds have been referred to as the stratocumulus-cumulus-deep convection transitions. For the SEP (Figure 4(b) ), the following features can be noted: dominance of low clouds from August to October, the decrease of low cloud amount afterwards, and then the abrupt increase of deep clouds in March and April. These changes in the SEP resemble the cloud transitions along the GPCI transect, with the three periods corresponding to the stratocumulus, shallow cumulus, and deep convective cloud regimes, respectively. We therefore refer the cloud variations in the SEP shown by Figure 4 (b) as the seasonal stratocumulus-cumulus-deep-convection transition.
In Figure 4 , we used the solid line to denote the LCL calculated from the ERA-Interim surface data (2-m temperature and due point T2m, D2m) based on the formula by Bolton (1980) , and the dashed magenta line to denote the approximate boundary of the main cloud layer at a threshold of 30%. When the cloud base and LCL are nearly the same, the boundary layer can be qualitatively considered as well mixed and the clouds are primarily stratus and stratocumulus. When the cloud base is much higher than the LCL, the main cloud layer is either decoupled from the surface boundary layer or there is cumulus underneath stratocumulus. Along the GPCI, the cloud base is near the LCL from the coast off California and the cloud amount is over 40%, implying that the clouds are mostly stratus or stratocumulus with a well-mixed sub-cloud layer. From 25 ∘ N to 15 ∘ N, the cloud base becomes higher than the LCL and the cloud amount decreases, which indicates transition to cumulus clouds as pointed in previous studies (e.g. Sandu et al., 2010; Teixeira et al., 2011) . In the SEP, the cloud base is close to LCL from September to November with large cloud amount, implying also the dominance of stratus and stratocumulus. The cloud base then becomes higher than the LCL after November, indicating prevalence of shallow cumulus. These features of transitions in the SEP are similar to those along the GPCI transect. Considering the uncertainties of CCCM in retrieving the low cloud amount, the definition of cloud base here could have large biases, thus the detection of 'well-mixed' and 'de-coupling' here based on Figure 4 are qualitative.
Examples of the different typical cloud types in the stratocumulus-cumulus-deep convection seasonal transition in the SEP are shown in Figure 5 . The three images are from the 5 km-resolution Terra MODIS satellite product (Roy et al., 2002) , showing the daily land surface reflectances from visible bands. As shown in Figure 5 , the broad stratocumulus deck off the Peru coast extends to the equator on 1 October 2013, bringing nearly overcast condition by low cloud; on 2 December 2013, the SEP has only small scattered cumulus clouds; and on 29 March 2014, the cumulonimbus with bright anvil appears in the SEP.
Besides the similarities in terms of cloud transition, three differences are noted in Figure 4 between the spatial variation of clouds along the GPCI transect and temporal variation over the SEP. First, the cloud top barely rises from September to January in the SEP, unlike that during the transition along the GPCI (30 ∘ -15 ∘ N). Second, in the deep convection regime, the amount of deep clouds is smaller over the SEP (February to April) than that along the GPCI transect (10 ∘ -5 ∘ N). Third, the high cloud in the SEP has two maxima, one at the altitude near 12 km, the other near 16 km, while the GPCI has one only maximum at around 13 km. These differences will be further discussed later.
Similarities
Several larger-scale atmospheric conditions have been known to influence the spatial cloud transition (e.g. Klein and Hartmann 1993; Bretherton and Wyant 1997; Lin et al. 2009; Zhang et al., 2009; Cheng and Xu 2013) . These include SST, surface wind, LHF, large-scale vertical motion, temperature and water vapour advection, and lower tropospheric stability. We will refer these conditions as cloud-controlling factors. These factors are compared between the two regions in Figure 6 . For ease of comparison, the variations for the two transitions are overlaid on the same panels, with the lower horizontal axis denoting the GPCI from 30 ∘ N to 2 ∘ N and the upper horizontal axis denoting the SEP from September to April, so that the SST increases monotonically toward the right of the figure.
As a reference, the transition of total cloud amount and precipitation in GPCI and SEP are shown in Figure 6 (a) and (b). We can see that the total cloud amount decreases firstly and then increases. The increase is accompanied by increasing precipitation. These changes are consistent with the transition from stratocumulus to cumulus and then to deep convective clouds. Both GPCI and SEP show gradual increase of SST (Figure 6(c) ) and precipitable water (Figure 6(d) ), gradual decrease of lower tropospheric stability (LTS) (Figure 6(e) ), defined as the differences of potential temperature between free troposphere (700 hPa) and surface (Klein and Hartmann 1993) , and increase of surface convergence (Figure 6(f) ) during the transitions. Both regions are dominated by the advective cooling and drying (Figure 6(g) and (h) ).
The above comparison shows that the cloud transitions in both regions are all associated with increasing SST, decreasing low tropospheric stability, decreasing large-scale subsidence, increasing lower-level convergence. They all occur in regions of low-level cold advection and negative moisture advection. These are all consistent with what have been known as controlling factors of cloud transition along the GPCI transect (e.g. Bretherton and Wyant 1997) . We note the cloud transition is captured well in ERA-Interim (not shown), but low cloud amount in ERA-Interim is underestimated when compared with the satellite data.
Differences
We have noted three differences in the cloud transitions between the two regions. The first is that the transition in SEP shows weaker deepening from the stratocumulus to cumulus regimes (from September to January) than that along the GPCI (30 ∘ -15 ∘ N) (Figure 4 Along the GPCI, the increasing LHF is believed to play an important role in the deepening of the boundary layer . The variation of LHF over both GPCI and SEP is mainly due to variations of the surface winds and relative humidity. The light line in Figure 7 (a) shows the variations of the surface wind speed (the abscissa), relative humidity (the ordinate), and the LHF (the contours) along the GPCI transect, calculated from the bulk formula of Wakefield and Schubert (1981) . We note that the LHF from the bulk formula underestimates the values in ERA-Interim (not shown), presumably due to the use of monthly input fields, but it captures the same variations in SEP and along GPCI as in ERA-Interim. From about 30 ∘ N to 15 ∘ N, both the surface wind speed and relative humidity increase; LHF increases as a result of the dominance of the surface wind speed. The dark line in Figure 7(a) shows the corresponding variations of the surface wind speed, relative humidity, and LHF in the SEP. From September to November, both the surface wind speed and relative humidity decrease. The LHF also decreases, again dominated by the surface wind speed. The increase of surface LHF along the GPCI, together with increase of SST, is a key factor to the decoupling in the 'warming-deepening' mechanism by Bretherton and Wyant (1997) . In the SEP, however, the change of LHF is opposite to that of the SST, resulting in less evaporation and likely weaker deepening from September to January compared to that along the GPCI transect (30 ∘ -15 ∘ N). The differences in the LHF variations, dominated by the variation of winds, are the result of large-scale circulation differences. As shown in Figure 2 (2) in Hameed and Riemer (2012) , and the surface wind speed (unit: m s −1 ) in the SEP. [Colour figure can be viewed at wileyonlinelibrary.com].
GPCI transect, surface winds are part of the anti-cyclonic circulation of the subtropical high in the northeastern Pacific with the maximum wind speeds in the region of the trade winds. The increasing wind speed in Figure 7 (a) from 32 ∘ N to 15 ∘ N reflects the spatial wind pattern with weaker winds near the center of the subtropical high and increasingly stronger winds toward the outer edge of the high, forming a divergent wind pattern typically associated with surface high pressure systems. In the SEP, on the other hand, surface winds decrease from September to March. This is because in September the SEP region is dominated by maximum trade winds associated with the subtropical high in the Southeast Pacific (Figure 3(b) ), while in March, when the subtropical high in the southeast Pacific is located further to the south (Figure 3(d) ), it is at the northern edge of the southeast trade winds and so the winds are weaker. It is found that the seasonal variation of surface wind speed is highly correlated with the locations of subtropical high centers in both the northeastern and southeastern Pacific (Figure 7(b) ). The second difference between the GPCI spatial variation and the SEP temporal variation is that the deep convection in the SEP during boreal spring is weaker or less frequent than even that over the ITCZ portion of the GPCI transect (GPCI-ITCZ), indicated by the less high level cloud amount shown in Figure 4 (b) than that in Figure 4 (a). To explain this difference, we show in Figure 8 (a) (solid lines) the mean vertical profile of pressure vertical velocity between the SEP during March and the GPCI-ITCZ region (170 ∘ -155 ∘ W, 5 ∘ -10 ∘ N) in annual mean. It is seen that the GCPI-ITCZ has upward motion throughout the troposphere. But for the SEP in March, the upward motion is much weaker and is limited to the lower troposphere only. The difference in the vertical motion is a direct result of dynamical forcing. As shown in Figure 8(b) , the trade winds in both the GPCI-ITCZ (northeasterly) and SEP (southeasterly) are limited in the lower troposphere (below 800 hPa), which are the major contributions to the lower tropospheric convergence and thus the major upward motion around 800-900 hPa. The lower tropospheric trade wind convergence in the GPCI is stronger than that at the SEP region (dash lines in Figure 8(a) ). Owing to the stronger trade wind convergence, the convection in the GPCI-ITCZ is able to reach a higher level to form deep convection, as shown by the divergence around 200h Pa (light dashed line in Figure 8(a) ). As for the SEP, only shallow convection presents with free tropospheric divergence between 400 hPa and 850 hPa (dark dash line in Figure 8(a) ). This difference in the large-scale circulation is also accompanied by the magnitude of the CAPE in the two regions: the annual mean CAPE at the GPCI-ITCZ (about 400 J kg −1 ) is much larger than that at the SEP in March (about 200 J kg −1 ). The weaker large-scale upward motion and smaller CAPE in the SEP than in the GPCI-ITCZ can both explain why deep convection is weaker or less frequent in SEP.
We also noted earlier that deep clouds in SEP have two maxima in March, one at the altitude near 12 km and another near 16 km (Figure 4(b) ). The maximum at 12 km should be due to convection from local atmospheric instability since it accompanied by high SST, convective instability and precipitation. The one at 16 km occurs from early November to April. The timing and altitude are consistent with continental convection over South America. Because the prevailing winds in the upper troposphere are easterly from the continent and there is little rainfall in November and December in SEP, the cloud maximum at 16 km is likely due to the advection of cirrus from the land.
Summary and discussion
We have reported similarities and differences of the seasonal temporal cloud transition in the southeast equatorial Pacific with the well-studied spatial cloud transition from the California coast to the ITCZ region (the GPCI transect). The similarities are:
(a) Transitions of clouds from stratocumulus to shallow cumulus and then to deep convective clouds are present in both locations. (b) The transitions are both accompanied by increase of SST, decrease of lower tropospheric atmospheric stability, changing from large-scale divergence and subsidence to convergence and upward motion. (c) The transitions are both accompanied by cold and dry advections in the atmospheric boundary layer.
The main differences are:
(a) The surface latent heat flux increases along the GPCI while decreases in SEP during the stratocumuluscumulus-deep convection transition. The difference in latent heat flux is caused by the different variations of surface wind speeds along the transitions. Surface wind speed increases during the transition along the GPCI, while it decreases during the seasonal transition in the SEP. The different surface wind variations are further related to geographical locations of the two regions relative to the subtropical highs. Accompanied with the decrease in surface latent heat flux, there is less deepening of the stratocumulus to cumulus transition in the SEP than in the GPCI. (b) Deep convection in the SEP is weaker or less frequent than that along the GPCI. This is associated with weaker large-scale upward motion and smaller convective instability in the SEP as a result of the difference in the large-scale atmospheric circulation in the SEP from those along the GPCI.
The cloud transitions along the GPCI transect has attracted many interests in the community. The seasonal cloud transitions in southeast Pacific presented in the article can be used as another case for such studies. The GPCI transect is aligned with the prevailing trade winds, reflecting the Lagrangian evolution of boundary layer, while the seasonal evolution in the SEP reflects the slow Eulerian change of quasi-steady states. The comparison of them, therefore, can help to better understand the response of MBL clouds to large-scale forcing. The correct simulations of clouds in the SEP region should be also important to alleviate the double ITCZ bias in atmospheric and coupled climate models. How models simulate the seasonal cloud transition in the SEP will be presented in a future study.
